Abstract: In recent years, the PD-1/PD-L1 axis blockade has become a very promising therapy with significant clinical benefits for multiple tumor types. However, some patients still do not respond sufficiently to PD-1/PD-L1 targeted monotherapy. Therefore, investigating the mechanism of PD-1 blockade resistance will assist in exploring new immunotherapy strategies, controlling the progress of the disease, and thus bringing more sustainable survival benefits to patients. The tumor-immune cycle is divided into the following seven steps: the release of cancer antigens, cancer antigen presentation, priming and activation, trafficking of T cells to tumors, infiltration of T cells into tumors, recognition of cancer cells by T cells, and killing of cancer cells. Given that PD-1/PD-L1 blockade is primarily involved in step 7, any abnormalities in the previous steps may affect the efficacy of PD-1/PD-L1 inhibitors and lead to drug resistance. This review discussed the resistance mechanisms of PD-1/PD-L1 blockade in each cancer-immunity step to finding a more suitable treatment population and an optimized combination therapy to exert immunotherapy in tumor treatment to a greater extent.
Introduction
Immunotherapy is considered as a promising method of treating cancers. 1 The 2018
Nobel Prize in Physiology or Medicine was awarded to James P. Allison and Tasuku Honjo, who discovered CTLA-4, and PD-1 separately. Immunotherapy has brought new directions to cancer treatment. PD-1/PD-L1 blockade has been used in the treatment of melanoma, non-small cell lung cancer (NSCLC), 2 bladder carcinoma, 3, 4 Hodgkin's lymphoma, 5, 6 and Merkel cell carcinoma. 7, 8 However, in the actual clinical practice, the presence of drug resistance reduces the efficacy of PD-1/PD-L1 blockade. Chen and Mellman (2013) proposed the concept of "the Cancer-Immunity Cycle", helping us to understand the multi-step complexity of cancer-immunity clearly. 9 Tumor antigen is captured and processed into an immunogenic polypeptide by antigenpresenting cells (APCs) and is present on the APCs surface in the form of an antigen peptide-MHC molecular complex. The antigenic peptide-MHC molecules on the surface of the APCs bind to the TCR on the surface of the T cells. At the same time, the costimulatory molecules expressed by APC bind to the corresponding ligands on the surface of T cells and then activate antigen-specific T cell immune responses. PD-1/PD-L1 blockade targets the final step. It can be affected by abnormalities in any of the previous steps to produce resistance. This review discussed the resistance mechanisms of PD-1/PD-L1 blockade at each step ( Figure 1 ).
Lack of Tumor Antigen Expression
Tumor Mutation Burden (TMB) is defined as the total number of somatic gene coding errors, base substitutions, gene insertions, or deletion errors detected per million bases.
Mutations of somatic cells can be transcribed or expressed into RNA and protein levels to produce neoantigen, protein fragments, or polypeptide segments, which can be recognized by the immune system as "non-self," activating T cells and resulting in an immune response. 10, 11 Therefore, when the number of gene mutations accumulated per megabase increases, many neoantigens are produced. This outcome caused the tumor to be attacked by tumor-specific T cells, increasing its sensitivity to PD-1 treatment. [12] [13] [14] High levels of TMB (>20 mut/Mb) results in high immunogenicities, which are sensitive to PD-1 blockade, as in melanomas, renal cell carcinomas, and non-small cell carcinomas. 11 Low levels of TMB (<10 mut/Mb) results in poor immunogenicities, as in pancreatic cancers and prostate cancers. 14 Tumors lacking DNA Damage Response (DDR) pathway are less efficient at correcting genetic damage and are therefore associated with increased TMB, new antigen loading, and a better response to Immune-Checkpoint Blockers (ICBs). 15 The human mismatch repair genes (MMR genes), such as MLH1, MSH2, MSH6, and PMS2, are responsible for repairing DNA mismatches in the genome. 16 MMR defects lead to the accumulation of base mismatch in the DNA replication process, resulting in the occurrence of microsatellite instability (MSI). About 15% of colorectal cancers are related to the MSI pathway. MSI is classified into high-level instability (MSI-H), low-level instability (MSI-L) and microsatellite-stable subtype (MS-S). MMR is classified into defective DNA mismatch repair (dMMR) and proficient mismatch repair (pMMR). dMMR is equivalent to MSI-H, and pMMR is equivalent to MSI-L or MSS. Patients with colorectal cancer experiencing dMMR or MSI-H are more likely to benefit from immunotherapy. 17 However, PD-1/PD-L1 drug therapy is unsatisfactory in patients with pMMR or MSI-L. The antigen expression is low, and the immunogenicity is deficient in these patients, failing T cell activation.
Lack of Effective Antigen Presentation and T Cell Initiation Abnormal Antigen-Presenting Cells
Antigen-presenting cells (APCs) process antigens and present them to T-cells and are therefore vital for an effective adaptive immune response. Dendritic cells (DCs) are one of the essential APCs which can activate unsensitized naive Figure 1 Resistance mechanism of PD-1/PD-L1 blockade in the cancer-immunity cycle. Each step of the cancer-immunity cycle requires the coordination of numerous factors. PD-1/PD-L1 blockade targets the final step. It can be affected by abnormalities in any of the previous steps to produce resistance. Examples of such abnormalities and the primary steps at which they can act are shown.
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Dysbiosis of the Normal Gut Microbiome
An increasing number of studies have shown that the human gut microbiome can affect the development of cancer and the effect of immunotherapy. 23 Patients who respond well to treatment with PD-1 inhibitors show a notable difference in gut microbiome structure compared to patients who do not respond well to the same treatment. 24 Through large-scale tests, it was found that bifidobacteria may enhance the body's immune response by stimulating DCs directly, inducing DCs maturation and cytokine secretion, contributing to the activation of tumorkilling T cells and the enhancement of PD-1/PD-L1 blockade. 25, 26 Akkermansiacea muciniphila can enhance the response of PD-1/PD-L1 blockade by increasing CD4 + central memory T cell (T CM ), CD4/Foxp3 ratio, and IL-12 production in the tumor bed and increasing IFN-γ production. 23 T CM expresses chemokine receptor CXCR3 or CCR9. CXCR3 is related to the recruitment of Th1 cells to inflamed lesions, while the CCR9/CCL25 axis is associated with chemotactic migration of T cells, especially in intestine and colon. 27 Besides, Enterococcus hirae combined with Akkermansia muciniphila may elevate T CM and increase the production of IFN-γ so that it had a synergistic effect with PD-1 blockade combined with Akkermansia muciniphila. 23 Collinsella aerofaciens
and Enterococcus faecium were related to enhanced efficacy of PD-1 blockade by leading to decreased peripherally derived Tregs. 28 Significant differences were observed in the diversity and composition of the patient gut microbiome of responders (R) versus non-responders (NR) in melanoma patients receiving PD-1 blockade therapy. Immune profiling suggested enhanced systemic and antitumor immunity in responding patients with a favorable gut microbiome. 27 In conclusion, the gut microbiome can affect at a critical point in the anti-tumor response, and the stable gut microbiome can enhance the immune surveillance of tumor cells.
Migration Disorders of T Cells
Chemokines are low molecular weight proteins that are capable of attracting immune cells to the site of infection. 
Insufficient T Cell Infiltration Loss of PTEN
The PI3K-AKT-mTOR pathway is a crucial signal transduction pathway encompassing several oncogenes. This pathway is involved in essential cellular processes such as cell survival, proliferation, and differentiation. In patients, the loss of PTEN is associated with a reduction of T cells infiltration in the tumor microenvironment and a weaker effect of PD-1 blockade treatment. In the mouse model of melanoma, Peng et al (2016) observed that the loss of PTEN in tumor cells increased the expression of immunosuppressive cytokines, which reduced the infiltration of T cells and inhibited autophagy. Treatment with a selective PI3Kβ inhibitor improved the efficacy of anti-PD-1 antibodies. 33 In a mouse model of prostate tumor, Garcia et al (2014) found that PTEN-null mice exhibited high levels of infiltration of MDSCs, which excluded CD8 + and NK cells from TME and reduced their cytotoxic activity. 34 Besides, PTEN-loss reduced autophagic activities in melanoma, reducing T cell-mediated tumor apoptosis. 35 Overexpressing MAP1LC3B, which is critical in autophagy initiation, improved T-cells killing, while the resistance to T cells killing was observed in MAP1LC3B-silenced tumor cells. Studies showed that overexpression of MAP1LC3B in PTEN-silenced tumor cells completely restored sensitivity to T-cells killing. Furthermore, pretreatment of melanoma cells with the autophagy inhibitor hydroxychloroquine (HCQ) reduced the apoptosis induced by autologous TILs. 33 
Activation of the MAPK Pathway
The MAPK pathway involves many different cellular processes such as proliferation, differentiation, movement, apoptosis, and survival. The pathway's carcinogenic effects have been confirmed. 36 Emerging evidence established the role of the MAPK pathway in regulating the immune response in TME. Activation of the MAPK pathway leads to the production of VEGF and IL-8, both of which are angiogenic factors that inhibit the recruitment and infiltration of T cells. 37, 38 In human melanoma samples, inhibition of the MAPK pathway promotes CD8 + T cells activation and infiltration. Experiments showed that a combination of PD-1 antibody and MEK blockade treatment strategy enhanced immunocyte infiltration in the tumor bed and can improve treatment outcomes. 39 
Incompetent Recognition of Tumor Cells by T Cells Mutations of β-2-Microglobulin
Two signals are required for T cells activation. The first signal is initiated by TCR recognition of the antigenic peptide-MHC complex (p-MHC) on the surface of the APCs; the second signal is initiated by the interaction of co-stimulatory molecules between the T cells and the APCs. Both are required to produce an effective immune response. Tumors become targets of specific cytotoxic T lymphocytes (CTLs) by expressing many different antigen peptide MHC molecule complexes. However, in some cases, tumors lose their antigen-presenting ability by genetic mutation or epigenetic modification, thereby escaping immune recognition. The lack of MHC class I molecules is one of the leading causes of PD-1 blockade resistance. The lack can be caused by the decrease of mRNA transcription level of MHC molecules, the loss of genome, and the mutation of B microglobulin gene. 40 The B2M gene encodes B2M protein, which is an indispensable component of MHC class I molecules. 41 Thus, mutation of the B2M gene is a mechanism of anti-PD-1 antibody treatment for resistance. 
Lack of PD-L1 Expression
Of course, it is not enough to focus on CD8 + T cells, but also on PD-L1 expression. 46 A threshold of 5% PD-L1 positive expression is used to determine PD-L1 positivity. Subsequent studies showed a higher objective response rate for anti-PD-1 therapy in a population of patients with PD-L1 positive disease. Progression-free survival (PFS) and overall survival (OS) were also improved in PD-L1-positive advanced melanoma and NSCLC patients when PD-L1 expression subgroup analysis was performed. 47, 48 However, there are still some problems with PD-L1 detection. The most important thing is that the expression of PD-L1 is very dynamic and unevenly distributed in tumor tissues, which is likely to cause false-negative results. 49 Among these four types, type I is the optimal candidate for PD-1/PD-L1 treatment.
Severely Exhausted CD8 + T Cells
In vitro studies have shown that the intensity of the PD-1 signal, namely its relative expression level or ligand abundance, can determine the severity of T cells exhaustion and thus affect the sensitivity to anti-PD-1 therapy. In some mouse models, PD-1 expression is high, and T cells are severely anergic, which is associated with resistance to anti-PD-1 therapy. 50 After PD-1 treatment in patients with low or moderate expression of PD-1, exhausted T cells can be reactivated to exert their immune effects. Therefore, whether PD-1 blockade intervention can effectively reverse T cells anergy may depend on the ratio of low-medium expression to high expression of T cells before treatment.
Activation of Other Inhibitory Immune Checkpoints
In the anti-tumor immunity process, there are some other immune checkpoints, including CTLA-4, TIM3, LAG3, NKG2A, and so on, which are gradually recognized and participate in co-regulating immune responses with PD-1/ PD-L1 treatment. However, which immunological checkpoints are dominant and whether the intensity of different immune checkpoints is different in different tumors or tumor development stages remains to be studied.
CTLA-4
CTLA-4 is also an inhibitory immune checkpoint molecule whose ligands are CD80 and CD86 on APCs. CTLA-4 is primarily expressed on regulatory T cells (Tregs), Tregs are negative immunoregulatory cells which have inhibitory effects on tumor immunity. 51, 52 The combination of anti-PD-1 and anti-CTLA-4 synergistically reduces inhibitory signals and enhances anti-tumor response. 53 The efficacy of the clinical combination of CTLA-4 and PD-1/ PD-L1 mAbs has been confirmed. 54 Therefore, screening of the best combination of immune checkpoints to achieve optimal clinical efficacy will be the direction of future research. 55 
LAG-3
TIM-3
T cell immunoglobulin mucin-3 (TIM-3) plays a vital role in regulating TH1 cell-mediated immune responses. Inhibition of the TIM-3 pathway reduced the infiltration of Tregs and thus slowed down the growth of mouse Lewis lung cancer. 63 Koyama et al (2016) observed an increase in TIM-3 expression in TILs following PD-1 blockade acquired resistance. The expression degree of TIM-3 was also significantly correlated with the stage of PD-1 treatment. The positive expression was lower before treatment and during the sensitive period and was significantly increased after drug resistance. Moreover, the positive expression of TIM-3 was also significantly correlated with the degree of PD-1 antibody binding in T cells. The higher the degree of T cells binding to PD-1 blocking, the stronger the TIM-3 positive expression. 64 Limagne et al (2019) observed that the accumulation of lymphocytes and monocytes MDSCs (mMDSCs) expressing Tim-3 and galectin-9 after nivolumab treatment of a cohort of NSCLC was associated with primary or acquired resistance. 65 This result indicated that the Galectin-9/Tim-3 pathway might be a vital mechanism for resistance to PD-1 treatment and maybe a new target for immunotherapy drug combinations.
NKG2A
NKG2A is an inhibitory receptor-expressing both on CD8 + T cells and NK cells, whose main ligand is a non-canonical MHC-I molecule: HLA-E (human) or Qa-1b (murine). Blocking NKG2A can simultaneously abolish the immunosuppression of CD8 + T cells and NK cells. 66 Mingari et al (2019) used a kind of humanized anti-NKG2A antibody (Monalizumab), which enhanced the anti-tumor activity of NK cells. The effects of CTLs was restored when it was combined with PD-1/PD-L1 blockade. Therefore, the NKG2A blockade can adequately compensate for the deficiency of PD-1/PD-L1 treatment by improving the effect of NK cells.
67
Other Tumor-Suppressing Microenvironments
In the tumor microenvironment, there are also some potentially drug-related components, including immunosuppressive cells such as regulatory T cells (Tregs), bone marrow-derived suppressor cells (MDSCs) and M2 macrophages and some other inhibitory enzymes and cytokines.
Tregs
Tregs inhibit the function of effector T cells (Teffs) by secreting certain inhibitory cytokines, including IL-10 and TGF-β 68 In vivo studies showed that removal of Tregs from the tumor microenvironment enhanced anti-tumor immunity. Besides, the efficacy of the PD-1/PD-L1 antibody was associated with an increased Teff to Tregs ratio. 69 The acquired resistance of PD-1 blockade alone or PD-1 blockade combined radiotherapy was associated with the increased Tregs infiltration. Furthermore, this resistance can be restored after the use of anti-CD25 treatment due to the depletion of Tregs. Furthermore, the presence of MDSCs in the tumor microenvironment reduces the effectiveness of immunotherapy. 72, 73 A series of mouse models studies indicated that PI3K inhibitors could be used as potential therapeutic targets in combination with PD-1/PD-L1 blockade. 74 The STING/type I interferon pathway enhanced suppressive inflammation in tumors by recruiting myeloid cells in part via the CCR2 pathway. Knockout of CCR2 or treatment with anti-CCR2 blockade resulted in a blockade of radiation-induced MDSCs infiltration, thereby increasing the anti-tumor effect of radiotherapy combined with PD-1 75 treatment.
M2 Macrophages
Tumor-associated macrophages (TAMs) affect the efficacy of immunotherapy. TAMs include M1 macrophages promoting anti-tumor immunity and M2 macrophages suppressing anti-tumor immunity. 76 M2 is involved in the whole process of tumorigenesis, growth, invasion, and metastasis.
In the early stage of tumor formation, M2 can promote tumor neovascularization and enhance the invasion ability of tumor cells. In the process of tumor metastasis, M2 promotes the formation of tumor "microenvironment before metastasis," and promotes extravasation, survival and sustained the growth of tumor cells at the metastatic site. Besides, TAMs can also play a role in immunosuppressive function by releasing IL-10, TGF-β, and some other cytokines and protecting tumor cells from NK cells and T cells. In a mouse model of lung adenocarcinoma, reducing the recruitment of M2 macrophages inhibits the tumor growth, which may be related to CCL2 and CCR2 signal inactivation. 77 To overcome macrophage-associated potential drug resistance, blocking the colony-stimulating growth factor receptor (CSF-1R) in a mouse model of pancreatic cancer reduced the frequency of TAMs, increased IFN production, and enhanced the response of PD-1 treatment. 78 Rodell et al (2019) patients with unresectable or metastatic melanoma determined that the study did not meet the primary endpoint of improving PFS in the overall population compared to KEYTRUDA monotherapy. The study's second primary endpoint of OS also was not expected to reach statistical significance. Based on these results, and at the recommendation of the eDMC, the study was stopped. 85 This proves that immunotherapy has a long way to go. We should continue to explore other novel mechanisms that can potentially improve outcomes for patients in need.
Up-Regulation of CD73
CD39 is capable of hydrolyzing ATP to AMP and further processing AMP into immunosuppressive molecule adenosine by extracellular nucleosidase CD73. Adenosine can inhibit T cells proliferation and activity through the A2A receptor of T cells and can promote tumor metastasis through the A2B receptor of tumor cells. 86 Besides, the coexpression of CD39 and CD73 is considered a key mechanism for Tregs-mediated immunosuppression. In many types of tumors, the high expression of CD73 is accompanied by a poor prognosis and efficiency of PD-1 blockade. 87 Antisense oligonucleotide targeting CD39 can improve T cell anti-tumor immunity. 
KRAS Mutation
In tumor cells, KRAS mutation (KRAS*) can significantly inhibit the expression of interferon regulatory factor 2 (IRF2), thereby suppressing the inhibition of CXCL3 transcription by IRF2, namely up-regulating the expression and secretion of CXCL3. When CXCL3 binds to CXCR2, it can recruit MDSCs into TME and inhibit the effect of PD-1 treatment. Enhancing the expression of IRF2 or a combination of CXR2 inhibitors can relieve PD-1 resistance in CRC patients. 92 Previous studies showed that different subgroups of KRAS mutant LUAC could be distinguished based on whether there was STK11/LKB1 or TP53 co-mutation. STK11/LKB1-type lung adenocarcinoma exhibited shorter PFS in the KRAS mutant lung adenocarcinoma cohort. Skoulidis et al (2018) reported that STK11/LKB1 alteration was a major driver of primary resistance to PD-1 inhibitors in KRAS mutant lung adenocarcinoma patients. In the KRAS mutant mouse lung adenocarcinoma model, STK11/LKB1 deletion promoted PD-1/PD-L1 inhibitor resistance. 93 
KIR Mutation
Killer cell immunoglobulin-like receptor (KIR) interacts with human leukocyte antigen (HLA) to affect NK cells' reactivity and the total number of mature NK cells. Therefore, blocking KIR can induce anti-tumor effects by activating NK cells. Trefny et al (2019) identified a genetic variant of KIR (KIR3DS1) that was associated with primary resistance to PD-1 blockade in patients with NSCLC. 94 
Conclusion
Based on the current limitations of PD-1/PD-L1 blockade, the combination of PD-1/PD-L1 blockade with other therapies has gradually become another significant development direction. 95 Radiotherapy can lead to the release of tumor antigens and increase the immunogenicity of tumors.
Combining PD-1/PD-L1 blocking therapy with radiotherapy has been proposed. 96 
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